Cardiovascular complications have been documented in HIV-1 infected populations, and antiretroviral therapy may play a role. Nucleoside reverse transcriptase inhibitors (NRTIs) are antiretrovirals known to induce mitochondrial damage in endothelial cells, culminating in endothelial dysfunction, an initiating event in atherogenesis. Though the mechanism for NRTI-induced endothelial toxicity is not yet clear, our prior work suggested that a mitochondrial oxidative stress may be involved. To further delineate the mechanism of toxicity, endothelial cells were treated with NRTIs of varying subclasses, and the level of reactive oxygen species (ROS) and mitochondrial function were assessed. To test whether rescue of mitochondrial electron transport attenuated NRTI-induced endothelial cytotoxicity, in some cases, cells were cotreated with the electron transport cofactor coenzyme Q10 (Q10). At 4-6 h, NRTIs increased levels of ROS but decreased the activities of electron transport chain complexes I-IV, levels of ATP and the NAD/ NADH ratio. Moreover, nitric oxide levels were decreased, whereas endothelin-1 release was increased. Q10 abolished NRTI-induced mitochondria injury and effects on endothelial agonist production. Interestingly, in cells treated with NRTIs only, markers for mitochondrial toxicity returned to baseline levels by 18-24 h, suggesting a compensatory mechanism for clearing damaged mitochondria. Using confocal microscopy, with confirmation utilizing the autophagy and mitophagy markers LC-3 and Nix, respectively, we observed autophagy of mitochondria at 8-10 h after treatment. Q10 prevented NRTI-mediated increase in LC-3. These findings suggest that NRTI-induced mitophagy may be involved in NRTIinduced endothelial dysfunction and that this damage likely results from oxidant injury. Further, Q10 supplementation could potentially prevent NRTI-induced endothelial dysfunction.
Combination antiretroviral therapy including nucleoside analog reverse transcriptase inhibitors (NRTIs) has been highly successful in reducing disease-associated mortality in HIV-infected patients. However, the success of these drugs has been tempered by their association with a number of cardiovascular side effects, including atherosclerosis (Jiang et al., 2006; Lewis, 2004) . Using myographic vessel reactivity studies in rodents, we previously demonstrated that NRTI treatment induces endothelial dysfunction, an initiating event in the development of atherosclerosis (Jiang et al., 2006 (Jiang et al., , 2010 . We and others have shown that mitochondrial dysfunction is a factor in the pathogenesis of NRTI-induced endothelial dysfunction, and that coadministration of NRTIs with antioxidants attenuates NRTI-induced increases in reactive oxygen species (ROS) and decreases in endothelial function in animals (Hebert et al., 2004; Jiang et al., 2007 Jiang et al., , 2010 ; Kline et al., 2009; Sutliff et al., 2002) . As mitochondrial dysfunction and its subsequent ROS overproduction are associated with endothelial dysfunction (Victor et al., 2009 ), a mechanistic explanation for NRTI-associated vascular toxicity may be that NRTIs cause endothelial dysfunction by inducing excessive mitochondrial oxidant injury (Balaban et al., 2005; Puddu et al., 2005) . However, despite numerous studies and prior reports, the mitochondrial locus of injury is as yet unclear (Jiang et al., 2007; Lewis et al., 1992; Rosca et al., 2008) .
Direct effects of NRTIs on the activities of mitochondrial electron transport chain (ETC) complexes I-IV have been reported (Lund and Wallace, 2004) . Based on the structural characteristics of NRTIs, it has been hypothesized that the drugs may compete for NAD binding sites on complex I (NADH dehydrogenase; Lund and Wallace, 2004) . In addition, it was recently demonstrated that complex I possesses ATP binding sites that regulate the activity of the complex (Grivennikova et al., 2011) . Thus, it is possible that the phosphorylated metabolites of NRTIs may compete with these binding sites as well. In support of this mechanism of action, in cardiomyocytes, NRTIs were shown to decrease the phosphorylation state of some subunits of complex I (Lund and Wallace, 2008) . In this study, we investigated toxicological sciences 134(2), 323-334 2013 doi:10.1093/toxsci/kft105 Advance Access publication May 2, 2013 the mechanism of NRTI-induced mitochondrial toxicity in cultured endothelial cells and its concomitant production of vasoactive factors.
Along with complex III, complex I is a major site of ROS production, particularly when electron transfer at complex I is disrupted (Dröse and Brandt, 2012) . Interestingly, complex I inhibition has been shown to increase levels of endothelin-1 (ET-1), a marker for endothelial dysfunction (Yuhki et al., 2001) . Thus, our first objective of the current report was to test whether complex I might be a target of NRTI toxicity. To do this, we measured the activities of each of the ETC complexes, along with levels of NAD/NADH and ATP. In some experiments, cells were cotreated with the electron transport cofactor coenzyme Q10 (Q10). A number of studies have shown that Q10 administration can rescue cells from toxicity induced by complex I inhibitors like rotenone (Menke et al., 2003; Plecitá-Hlavatá et al., 2009) . In addition, because other reports suggest that the mechanism of NRTI-induced cellular toxicity can vary among differing NRTIs (Lund et al., 2007) , we selected for study NRTIs of varying subclasses-i.e., a thymidine (zidovudine, AZT) and a cytodine (lamivudine, 3TC) nucleoside analogue compared with an acyclic nucleotide analogue of adenosine (tenofovir, TEN).
Another objective of this study was to elucidate mechanisms linking NRTI-induced mitochondrial dysfunction with its resulting effects on endothelial function and cellular homeostasis. Although increased ROS production and mitochondrial dysfunction are factors known to precipitate apoptosis, we previously reported no evidence of increased apoptosis in NRTI-treated endothelial cells, despite their apparent cellular dysfunction (Jiang et al., 2007) . Therefore, we hypothesized that there exists a cellular repair mechanism through which NRTIdamaged mitochondria are specifically targeted and removed, thus promoting cell survival. As such, we set out to determine whether selective mitochondrial autophagy (mitophagy), the recently discovered process by which damaged mitochondria are engulfed by autophagosomes, is a mechanism through which NRTI-damaged mitochondria are cleared from endothelial cells (Goldman et al., 2010; Gottlieb and Carreira, 2010; Mammucari and Rizzuto, 2010) .
MATeRIALS AND MeTHODS
Drugs and reagents. AZT and 3TC were obtained from Sigma-Aldrich (St Louis, MO), and TEN was purchased from Moravek Biochemicals (Brea, CA). Small amounts of AZT and 3TC were also obtained from the NIH AIDS Research and Reference Reagent Program (Germantown, MD). Q10 was purchased from Sigma-Aldrich, and MitoSOX and MitoTracker Green (MTG) were obtained from Molecular Probes (Eugene, OR), and LysoTracker Red was purchased from Lonza (Basel, Switzerland).
Cell culture. We chose to use human umbilical vein endothelial cells (HUVEC) because the physiology of HUVEC strongly resembles that of arterial endothelial cells and because they are a commonly used cell line for studying arterial pathophysiology (Kvietys and Granger, 1997) . In addition, we have found that other human vascular endothelial cells required additional growth factors during culture such that they were typically activated prior to any treatment, resulting in increased basal ROS levels compared with those in HUVEC (data not shown). Nevertheless, to verify our findings in HUVEC, we also utilized human aortic endothelial cells (HAEC) in a number of supplementary experiments. HAEC were cultured in the same manner as HUVEC, except that in this case, the EBM contained 10% fetal bovine serum (FBS) instead of 2%. Cells were cultured with endothelial basal medium (EBM) or Dulbecco's Modified Eagle's Medium containing 2% FBS on fibronectin-coated dishes for ROS, ATP, enzyme activity, and biochemical assays. For live cell confocal microscopy, cells were cultured with EBM with 2% FBS on fibronectin-or gelatin-coated number 1.5 coverslips fixed to the bottom of 35-mm glass bottom dishes (MatTek, Ashland, MA). To treat cells, NRTI stock solutions were prepared in deionized, distilled water before dilution at 1:1000 in medium. Cells were incubated with ± 5µM AZT, 3TC, or TEN and, in some cases, 5µM of the appropriate NRTI plus 10µM Q10. This dose was selected as representative of the peak steady-state plasma concentration (C max ) for NRTI administration in humans, shown to be in the range of 1-8µM (Chittick et al., 2006; Crémieux et al., 2001) .
Mitochondrial function assays. ROS production was measured using either the fluorescent oxidant-sensitive probe dihydroethidium (DHE) or the mitochondria-specific ROS indicator MitoSOX. After NRTI treatment, cells were incubated with 5µM DHE or 5µM MitoSoc for 15 min and then were washed with warm PBS. DHE fluorescence was measured at Ex 530/Em 590 nm, and MitoSOX fluorescence was detected at Ex 510/Em 580 nm.
The lactate/pyruvate ratio was determined by independently measuring levels of lactate and pyruvate using colorimetric assay kits from Biovision (Mountain View, CA). Levels of ATP were assessed using luminescence-based assay kit obtained from Promega (Madison, WI). The NAD + /NADH ratio was assayed using a kit from AAT Bioquest (Sunnyvale, CA) that utilized an enzyme cycling reaction to monitor the formation of NAD + . Mitochondrial ETC activities in HUVEC treated with NRTIs were assessed using colorimetric methods. For these measurements, large numbers of cells were required. Thus, cells were grown in 15-cm cell culture dishes until confluent and then were treated with NRTIs for up to 24 h. For each experimental measurement, ~3-4 × 10 7 cells from 4-5 dishes were combined, and mitochondria were isolated using a kit from Pierce/Thermo Scientific (Rockford, IL). Mitochondrial complex I activity was determined by assessing 2, 6-dichlorophenol-indophenol reduction, as determined by decreases in absorbance at 600 nm over 4 min. To analyze the activity of complexes II and III, the reduction of cytochrome c was monitored by measuring increases in its absorbance at 550 nm over 4 min. Using a kit purchased from Biochain (Hayward, CA), complex IV activity was determined by monitoring the decrease in absorbance at 550 nm produced by the cytochrome c oxidase-mediated oxidation of ferrocytochrome c to ferricytochrome c.
Measurement of cellular oxygen consumption.
In experiments aimed at measuring oxygen consumption, HUVEC were cultured in 15-cm fibronectincoated petri dishes. Upon confluence, the cells were treated with NRTIs for 6 h. After treatment, the cells were trypsinized, cells collected from five dishes were combined for each sample, and an equivalent number of cells in 2 ml cell suspensions (roughly 3.75 × 10 7 cells) were transferred into a chamber maintained at 37°C. The cells were gently stirred using a magnetic stir bar. Oxygen concentrations in the chamber were recorded using a YSI Clark-type O 2 electrode interfaced to a YSI Biological Oxygen Monitor, and data were acquired using Winview CP software (Super Logics, Waltham, WA). The decrease in oxygen concentration in the chamber was monitored in each sample over a period of 15-20 min, and the rate of oxygen consumption in each sample was calculated.
Assays for endothelial production of vasoactive factors. ET-1 levels were measured in spent media using an ELISA kit from Assay Designs (Ann Arbor, MI). Nitric oxide (NO) levels were measured using the chemiluminescent Sievers Nitric Oxide Analyzer 280i interfaced to NOAnalysis Liquid Software from GE (Boulder, CO), as described by Venkatesh et al. (2010) .
Confocal microscopy. Cells undergoing mitophagy exhibit increased lysosomal and autophagosomal activity specifically directed at mitochondria. Consequently, fluorescent probes of acidic organelles have become a popular method to examine mitophagy by fluorescence microscopy (Kim and Lemasters, 2010; Kim et al., 2007; Rodriguez-Enriquez et al., 2006) . The redfluorescing LysoTracker Red (LTR) probe is taken up by acidic organelles like lysosomes and autophagosomes, whereas the green-fluorescing mitochondrial probe MTG is taken up by mitochondria and becomes covalently bound to mitochondrial proteins. During mitophagy, mitochondria are selectively targeted for destruction and are engulfed by lysosomes, which mature into autophagosomes that degrade their internal contents. As such, we used confocal microscopy in live cells stained with MTG and LTR and identified mitophagy by the colocalization of acidic lysosomes and autophagosomes with mitochondria (Elmore et al., 2001; Rodriguez-Enriquez et al., 2006) .
MTG and LTR incubations began 1 h prior to the end of AZT treatment, so as to image the cells immediately following the end of treatment. HUVEC were loaded with both MTG (50nM) and AZT for 30 min. Cells were then washed twice with fresh media and were loaded with LTR (50nM) and AZT for 30 min. For imaging, the cells were washed twice more, after which new medium containing no AZT, MTG, or LTR was added. MTG and LTR incubations were performed in the dark at 37°C with humidified air. Images were collected using a Leica (Wetzlar, Germany) TCS SP5 point scanning spectral confocal microscope with a HCX Plan Apo 63x/1.4-0.6 oil objective. Excitation of MTG at 488 nm was accomplished using a multiline argon laser, and fluorescence emission was monitored through a 500-550 nm filter. Excitations of LTR at 543 and 594 nm were achieved using two helium/neon lasers, and fluorescence emission was measured through a 590-nm long pass filter. Fields were chosen randomly to ensure objectivity of sampling. For each sample, five fields that were ~600-1500 µm apart were selected, such that the total sampling diameter was ~8-15 mm.
Lysosome number and lysosome-mitochondria colocalization were quantified using ImageJ software. For lysosome quantification, a standard threshold intensity for red fluorescence was set, and circular structures that fluoresced at or above that intensity and that were greater than 0.5 µm in diameter were counted. For quantification of colocalization of lysosomes and mitochondria, the same criteria were used, only a threshold intensity for yellow fluorescence (green merged with red) was used, and structures less than 1 µm in diameter were excluded.
Western blot analyses. Levels of phosphorylated-Ser 1177 of endothelial nitric oxide synthase (eNOS), total levels of eNOS, and the autophagy marker LC-3 were assessed by Western blotting. Tissues were homogenized on ice in lysis buffer containing a protease inhibitor cocktail, and protein concentrations were determined using the bicinchoninic acid protein assay. Equal volumes of protein were subjected to SDS-PAGE under reducing conditions, after which the proteins were transferred to polyvinylidene difluoride membranes. Membranes were blocked with 5% milk and were incubated overnight with primary antibody against Nix (1:200; Catalog No. 9089; Cell Signaling Technologies, Danvers, MA), eNOS pS1177 (1:300; Cat. no. 9571; Cell Signaling), total eNOS (1:300; Cat. No. 610297; Cell Signaling), LC-3 (1:300; Cat. No. 4108; Cell Signaling), or GAPDH (1:1000; Santa Cruz Biotechnology, Dallas, TX). The membranes were further incubated with horseradish peroxidase-conjugated anti-rabbit IgG, and protein bands were visualized using enhanced chemiluminescence. Densitometric analysis was performed using ImageJ software (National Institutes of Health), and data were normalized to the housekeeping protein GAPDH.
Data analyses. Statistical analysis of data was performed using GraphPad Prism software. All data were expressed as group mean ± SEM. Comparisons between control and NRTI-treated cells were conducted using one-or two-way ANOVA, as appropriate, followed by Neuman Keul's post hoc tests. A value of p < 0.05 was accepted as statistical significance.
ReSULTS

NRTIs Increase ROS Production
NRTI treatment decreased DHE fluorescence in HUVEC at 4, 6, and 8 h, with a peak level of 43-54% above baseline levels achieved at 6 h (Fig. 1A) . No statistically significant changes in ROS levels were observed at 24 h of treatment. To verify that the increased ROS was mitochondrially derived, ROS levels were also measured using the mitochondrially targeted superoxide indicator dye MitoSOX at 6 h after NRTI treatment. Consistent with our findings using DHE, MitoSOX fluorescence was increased 42-52% after treatment with AZT, 3TC, and TEN (p < 0.05; Fig. 1B ). Similar increases in MitoSOX fluorescence was also observed in NRTI-treated HAEC (Supplementary  fig. 1A ).
NRTIs Decrease ATP Production
To examine the effects of NRTIs on mitochondrial ATP production, HUVEC were treated with 5µM NRTI for up to 24 h and ATP levels were measured colorimetrically. Cells treated with 5µM AZT, 3TC, or TEN for 8 h exhibited a significant decrease in mean ATP levels (p < 0.05), but no statistically significant changes were observed in cells treated for 4 or 6 h. At 24 h of treatment, ATP returned to baseline levels (Fig. 1C) . In HAEC, NRTIs likewise decreased ATP levels at 8 h after treatment, but these decreased levels were maintained at 24 h and did not return to baseline levels until 36 h (Supplementary  fig. 1B ).
NRTIs Decrease Mitochondrial Electron Transport Chain Activity
Because the most robust effect of NRTI treatment on ROS levels was found at 6 h, we utilized this time point for probing mitochondrial ETC complex activity. Cells treated with all three NRTI subclasses studied here exhibited decreases in mean complex I activity compared with controls, with 5µM AZT, 3TC, and TEN treatments inducing 48, 33, and 18% decreases, respectively (p < 0.05; Fig. 2A ). Mean activity of complexes II + III was also attenuated by NRTI treatment (Fig. 2B) , with AZT, 3TC, and TEN inducing significant 30, 36, and 32% reductions in activity, respectively. Finally, NRTI-treated cells exhibited decreased mean activity of mitochondrial complex IV (Fig. 2C) , with AZT, 3TC, and TEN treatments resulting in significant 50, 62, and 39% decreases, respectively. Ido et al., 2001) . As shown in Fig. 3A , NRTI treatment reduced the NAD + -to-NADH ratio at all time points from 0 to 24 h although this effect only achieved significance at 6 and 8 h.
NRTIs
As a final confirmation, we also measured the lactate/ pyruvate ratio at what appeared to be a critical time point for NRTI toxicity-6 h. As the oxidative metabolism of pyruvate to lactate occurs in part through the ETC complexes, the NRTI-induced increases in mitochondrial ROS production were verified using the mitochondrially targeted fluorescence probe MitoSOX at 6 h after treatment. (C) NRTI treatment decreases mitochondrial ATP levels at 8 h but not at 4, 6, or 24 h. Data are expressed as mean percent change compared with controls ± SEM (n = 3-4) and were analyzed using one-way (B) and two-way ANOVA (A and C). *p < 0.05 compared to controls. lactate-to-pyruvate ratio serves as an indicator of the integrity of oxidative phosphorylation (Clay et al., 2001) . Dysfunction of the ETC leads to an increase in the amount of pyruvate and a decrease in lactate, thereby increasing the lactate/pyruvate ratio. (Chariot et al., 1994) . After 6 h of AZT, 3TC, or TEN treatment, an increased lactate-to-pyruvate ratio was observed ( Fig. 3B ; p < 0.05).
Coenzyme Q 10 Rescues HUVEC From NRTI-Induced Mitochondrial Damage
To further investigate the possibility that complex I is a site of NRTI-induced mitochondrial injury, HUVEC were cotreated with NRTIs plus the ETC cofactor Q10, which scavenges "leaky" electrons at complex I. In the presence of Q10, NRTI treatment did not alter ROS or ATP production (Figs. 4A and  B) . In addition, Q10 alone increased the basal rate of cellular oxygen consumption, but cotreatment with AZT plus Q10 did not reduce oxygen consumption compared with treatment with Q10 alone. (Figs. 4C and D) .
NRTIs Alter Endothelial Production of Vasoactive Factors
To examine the consequences of NRTI-induced mitochondrial dysfunction on endothelial agonist production, levels of two important vasoactive mediators, ET-1 and NO, were measured. As shown in Figure 5A , significant increases in mean ET-1 levels were observed for AZT-, 3TC-, and TEN-treated cells at 6, 8, 12, and 24 h. In addition, levels of NO, measured as its stable metabolite nitrite, were decreased in NRTI-treated cells at 8 and 24 h of treatment ( Fig. 5B; p < 0.05) . Finally, the ratio of phospho-Ser 1177, a critical activating residue of eNOS, to total eNOS was decreased 8 h after the initiation of treatment (Figs. 5C and D; p < 0.05). Because ET-1 accumulates in medium, in order to truly understand the temporal effects of NRTI treatment on endothelial cells, we further compared NRTI-induced effects as a percent of control levels. Expressed in this way, ET-1 was significantly increased at 6-24 h, but ET-1 levels in the medium were not further increased beyond that observed as 6 h (Supplementary fig. 2 ).
NRTI Treatment Increases Autophagy
Selective mitochondrial autophagy, or mitophagy, is a phenomenon that has only recently been characterized and is believed to play a role in the removal of damaged and dysfunctional mitochondria (Kim et al., 2007; Lemasters, 2005) . To examine whether increased autophagy occurs after NRTIinduced mitochondrial dysfunction in HUVEC, levels of two forms of microtubule-associated protein 1 light chain 3 (LC3) were measured. LC3-I is a cytosolic protein that undergoes multistep processing to become LC3-II, which is incorporated into autophagosome membranes. LC3-I is localized exclusively to the cytosol, whereas LC3-II is tightly bound to the autophagosomal membrane and correlated with autophagic activity. Because LC3-I and LC3-II can easily be distinguished and quantified with Western blotting on the basis of their different mobilities in SDS-PAGE, the use of the LC3-II/LC3-I ratio has become the preferred marker to measure autophagic activity (Barth et al., 2010; Kabeya et al., 2000; Tanida, 2011) . As shown in Figures  6A and B, NRTI treatment resulted in a significant increase in the ratio of LC3-II to LC3-I after 8-10 h of treatment but not at 6 or 24 h (p < 0.05). A similar time course for effects was observed for HAEC treated with NRTIs for 0-24 h (Supplementary figs. 1C and D). Cells cotreated with NRTIs and Q10, however, did not show significant increases over control levels (Fig. 6C) .
NRTI Treatment Induces Mitophagy
To determine whether the observed NRTI-induced increases in autophagy were mitochondria specific (mitophagy), we used FIg. 3 . Effects of NRTI treatment on the ratios of (A) NAD to NADH and (B) lactate to pyruvate in HUVEC. Data are expressed as the mean ratio of lactate/pyruvate and NAD/NADH, respectively, ± SEM (n = 3-4). Two-way (A) and one-way (B) ANOVA revealed a significant effect of treatment in each case. *p < 0.05 compared with controls.
MTG and LTR to label mitochondria and autophagosomes/ lysosomes, respectively, and observe their colocalization with confocal fluorescence microscopy. As the mitochondria are engulfed by autophagosomes/lysosomes during mitophagy, the green fluorescence from MTG and the red fluorescence from LTR overlap, producing a yellow color (Fig. 7A) . After 6 h of treatment, red fluorescence from acidic autophagosomal/ lysosomal structures in AZT-treated cells was threefold greater than in control cells and > twofold greater after 8 h of treatment (p < 05; Fig. 7B ). As shown in Figure 7C , colocalization of mitochondria and autophagosomes/lysosomes was sixfold greater in AZT-treated cells than in those of controls after 8 h of treatment (p < 0.05).
As an additional confirmation of mitophagy, the levels of Nix protein were determined by Western blot analysis. Nix is a protein receptor that is expressed in the mitochondrial outer membrane and was recently shown to directly interact with the autophagy component LC-3 (Kanki, 2010) . Nix has been shown inducible in endothelial cells (Sowter et al., 2001) and is a necessary component of mitochondrial "pruning" in tissue like heart (Dorn, 2010) . At 8 h after treatment with AZT, 3TC, or TEN, Nix expression was increased 30% compared with controls ( Figs. 7D and E) .
Q 10 Abolishes NRTI-Induced Alterations in Endothelial Vasoactive Factors
To investigate a potential mechanistic link between NRTIinduced oxidative damage and endothelial cell injury, Q10 cotreatment was exploited. Although NRTI treatment increased levels of ET-1, cotreatment with NRTIs plus Q10 did not elicit any statistically significant increases in ET-1 levels (Fig. 8A) . In addition, there were no differences in the ratio of phospho-S1177 of eNOS/total eNOS or nitrite release in cells cotreated with NRTIs plus Q10 compared with control cells or cells treated with Q10 alone (Figs. 4B and C) .
DISCUSSION
Though typically associated with the aged population, atherosclerosis is frequently observed in young HIV patients taking antiretrovirals (Currier et al., 2003) , and a significant body of literature suggests that NRTIs can promote atherosclerosis (Friis-Møller et al., 2003; Kwong et al., 2006) . Endothelial dysfunction, characterized by dysregulation of the normal physiological effects mediated by the endothelium, is a hallmark and initiating factor in atherogenesis. Although the
FIg. 4. Effects of cotreatment of HUVEC with coenzyme Q10 on NRTI-induced increases in ROS production (A) and decreases in ATP production (B)
. ROS levels were measured using the fluorescence indicator DHE, and ATP was assessed using a luminescence assay. Data are expressed as percent change relative to controls ± SEM (n = 3). Two-way ANOVA revealed no effect of treatment on ROS or ATP. association between NRTI treatment of rodents and endothelial dysfunction has been well described (Jiang et al., 2007; Sutliff et al., 2002) , the mechanism by which this dysfunction occurs is not clear. Using murine models, we and others showed that NRTI treatment induces endothelial dysfunction, measured as decreasing responsiveness to the endothelium-dependent vasodilator acetylcholine (Jiang et al., 2006 (Jiang et al., , 2010 Kline and Sutliff, 2008) . In addition, treatment of endothelial cells with NRTIs increased cellular ROS production and oxidant injury (Jiang et al., 2007) . Increased oxidative stress in the vasculature (A) Effects of NRTI treatment on levels of the endothelial activation marker ET-1, as measured by ELISA. Data are expressed as mean pg/ml ET-1 ± SEM for n = 3 experiments. (B) NRTI treatment decreases NO production. Data are expressed as nano moles of nitrite, the stable metabolite of NO, normalized to milligrams of protein and are denoted as averages ± SEM (n = 3-4). (C and D) Effects of NRTI treatment on the phosphorylation state of the S1177 activating residue of eNOS. A representative Western blot of phospho-eNOS (p-eNOS), eNOS, and GAPDH is shown in (C) for cells treated with NRTIs for 8 h. Densitometric data shown in (D) are expressed as the ratio of pS1177 eNOS/ total eNOS normalized to GAPDH ± SEM for n = 3-5 experiments. Two-way ANOVA revealed a significant effect of treatment in each case. *p < 0.05 compared with controls.
FIg. 6. NRTI treatment of HUVEC induces autophagy. Representative
Western blots (A) and quantification (B) of the shift from LC3-I to LC3-II, which is indicative of increased autophagy. Quantification data are expressed as the mean ratio ± SEM of LC3-II to LC3-I normalized to GAPDH for n = 3 experiments. Two-way ANOVA revealed a significant effect of treatment. *p < 0.05 compared with controls. (C) Quantification of Western blots of LC3 in cells cotreated with NRTIs and Q10. In this case, two-way ANOVA revealed no effect of treatment.
is known to contribute to endothelial dysfunction, and as such, NRTI-induced oxidative stress and subsequent mitochondrial dysfunction may be a mechanism underlying NRTI-induced endothelial dysfunction (Griendling and FitzGerald, 2003) .
ROS are normally generated as byproducts of electron transport; however, when oxidative phosphorylation is disrupted, as occurs for NRTI treatment, higher levels of ROS are produced and mitochondrial antioxidant enzymes cannot sufficiently eliminate the accumulating oxidants. Prior work from our laboratory utilizing targeted antioxidant compounds suggested that NRTI-induced mitochondrial dysfunction contributes to the oxidative stress observed in NRTI-treated cells (Jiang et al., 2007 (Jiang et al., , 2010 . This study extends these findings, demonstrating that NRTI treatment of endothelial cells leads to increased ROS production, inhibition of mitochondrial ETC complex activities, and decreased production of ATP.
Generally speaking, toxicology dogma is that excess ROS production and mitochondrial dysfunction typically promote the initiation of mitochondria-mediated apoptosis, thereby preventing the accumulation of harmful oxidants (Puddu et al., 2005) . Because our prior studies indicated that NRTI treatment increases ROS production and mitochondrial dysfunction without inducing apoptosis (Jiang et al., 2007) , we hypothesized that endothelial cell apoptosis is not what underlies NRTI-induced endothelial dysfunction. Although this lack of apoptosis was initially perplexing, in this study, we observed that endothelial cells (both HUVEC and HAEC) recover from NRTI-induced damage by 24-36 h after treatment, as demonstrated by the rescue of a number of mitochondrial and endothelial markers ( Figs. 1 and 5D; Supplementary fig. 1 ). We thus hypothesized that there exists an endothelial cell repair mechanism that initially allows damaged cells to recover. As evidence of this, Desai et al. (2008) found that mitochondria isolated from the livers of NRTI-treated rats had considerably different gene expression profiles than those of control animals, including an increased expression of a number of both mitochondrial-and nuclear-encoded genes involved in respiratory chain activity.
Our findings from this study suggest that a compensatory mechanism allows mitochondria to combat NRTI-induced oxidant injury. This compensation may be derived from upregulated antioxidant response pathways or alternatively the recently discovered phenomenon of mitophagy. Mitophagy, which has been documented in numerous cell types, is the selective autophagic degradation of damaged mitochondria or mitochondria producing excess ROS to prevent the accumulation of mtDNA mutations and additional cellular damage (Goldman et al., 2010; Kim et al., 2007; Lemasters, 2005) . We have shown here that NRTI treatment of endothelial cells culminates in mitophagy at approximately 8 h after the onset of treatment. The temporal dynamics of this are noteworthy, as ROS levels in NRTI-treated cells peak prior to this event, at ~6 h after treatment. Thus, these findings support the notion that mitochondria initially function in a compensated state. Thus, the transcriptomic changes in both the nucleus and the mitochondria observed by Desai et al. (2008) may indeed reflect cellular efforts to mitigate damage. Eventually, after ROS accumulate to levels that irreparably damage the mitochondria, these cells likely undergo mitophagy, thus preventing cell death.
This study also provides mechanistic insight into the mitochondrial locus of NRTI-induced endothelial injury. The reductions in activity of all four electron transport complexes, taken together with the fact that complex I is the first step in electron transport and the concurrent decrease in the NAD + /NADH ratio, suggest that complex I may be a key site of injury. Although our observed reductions in all of complexes I, II/III, and IV are difficult to conclusively reconcile, we postulate that if electron transport at complex I is interrupted, then as a "domino effect," perhaps the measured activities at complexes III and IV will likewise be diminished. In support of this hypothesis, cotreatment with Q10, a lipid-soluble antioxidant that has furthermore been shown to rescue electron transport at complex I, mitigates NRTI-induced increases in ROS production and decreases in ATP. In addition, Q10 attenuated NRTI-induced decreases in cellular oxygen consumption, a measure of oxidative phosphorylation. Interestingly, Q10 cotreatment also prevented NRTIinduced mitophagy, suggesting that complex I inhibition may be a factor precipitating NRTI-mediated mitophagy.
Finally, our findings provide a potential mechanism linking NRTI-induced mitochondrial damage with endothelial dysfunction. ET-1 is a marker for endothelial injury and is a potent mitogenic and vasoconstricting peptide, whereas NO is important in the maintenance of normal vascular tone. The balance between vasoconstricting factors like ET-1 and vasodilating factors like NO is critical to vascular health. Indeed, a commonly used definition of endothelial dysfunction is an imbalance between these two sets of signals (Deanfield et al., 2005; Kline et al., 2009 ). As such, our findings that ET-1 is increased while phosphorylation of serine 1177, the most important activating residue of the NO FIg. 8. Q10 mitigates NRTI-induced endothelial injury. (A) Q10 cotreatment prevents NRTI-induced increases in ET-1 levels. Data are expressed as mean % change in ET-1 levels compared with controls for n = 4 experiments. (B) Q10 cotreatment prevents NRTI-induced decreases in phosphorylation of S1177 of eNOS in HUVEC. Data are expressed as the ratio of pS1177 eNOS/ total eNOS normalized to GAPDH ± SEM for n = 4 experiments. Two-way ANOVA revealed no significant effect of treatment for either ET-1 levels or p-eNOS/total eNOS. (C) Q10 prevents NRTI-mediated effects on NO production, assessed at nitrite in the medium, in cells treated for 24 h. Data are expressed as means ± SEM for n = 3 experiments. One-way ANOVA revealed no significant effect of treatment.
producer eNOS (Mount et al., 2007) , is decreased in response to NRTI treatment clearly demonstrate that NRTI alters endothelial production of vasoactive factors. Additional mechanisms by which eNOS activity may be compromised include reductions in the levels of its required cofactors, such as L-arginine and tetrahydrobiopterin, and its uncoupling to produce superoxide instead of NO (Forstermann and Sessa, 2012) . Although these additional mechanisms were not tested in studies presented here, our observations of reduced nitrite levels could also be explained by any one of these factors. However, we did find that Q10 prevented NRTI-mediated reductions in nitrite levels and increased release of ET-1. These findings are particularly significant, as they potentially provide a link between NRTI-induced oxidative damage, and perhaps even NRTI-mediated complex I inhibition, and endothelial dysfunction.
In summary, results presented here provide new insight into current deficiencies in knowledge concerning NRTI-induced mitochondrial dysfunction. The original hypothesis first put forth by Lewis and Dalakas in 1995 was that NRTI-mediated inhibition of the mitochondria-specific DNA polymerase γ results in reductions in mtDNA copy number over time, ultimately leading to the absence of various complexes within the ETC (Lewis and Dalakas, 1995) . However, our finding that robust increases in ROS production occur after only 4 h of NRTI treatment suggests that this mechanism alone does not explain NRTI-induced mitochondrial dysfunction and that a more direct mechanism of toxicity is involved. Based on findings herein, complex I may be a locus of injury. Moreover, our data suggest that immediately following this increase in mitochondrial ROS production, dysfunctional mitochondrial are removed by mitochondrial autophagy or "mitophagy." Presumably the initial loss of mitochondria is compensated for by a stimulation of mitochondrial biogenesis. Mitochondrial biogenesis is a process initiated in part by the nuclear-encoded DNA binding transcription factors nuclear respiratory factor-1 (NRF-1) and NRF-2 (Scarpulla, 1997) . These factors promote the transcription of mitochondria-and nuclear-encoded proteins. They function together with the non-DNA binding coactivator PGC-1α (peroxisome proliferator-activated nuclear receptor γ cofactor 1) and mitochondrial transcription factor A to modulate the transcription of both mitochondria-and nuclear-encoded mitochondrial genes (Wu et al., 1999) . Although this cellular repair mechanism may be sufficient for rescuing endothelial dysfunction after an acute treatment, we speculate that with chronic NRTI exposure this compensation may become maladaptive, so as to elicit an endothelial dysfunction that cannot be overcome. If indeed NRTI-induced cycles of mitophagy/mitochondrial biogenesis become dysregulated, then chronic NRTI treatment should either reduce population doubling or promote the senescence of endothelial cells. Studies addressing NRTI-induced effects on endothelial senescence are thus needed. Finally, our results demonstrating that Q10 prevents NRTI-induced endothelial injury are exciting, as they imply that Q10 may be useful as a cost-effective and efficacious adjunct therapy to alleviate the vascular side effects of NRTIs. Thus, in vivo studies confirming Q10-mediated protection are warranted.
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